In conclusion, the quality of preoperative kidney primarily determines long-term postoperative renal function, while the quantity of preserved functional parenchyma volume was the main determinant for long-term kidney recovery. ARF was an independent risk factor while WIT was indirectly associated with postoperative renal function by causing perioperative ARF. 
Introduction
Over the last 2 decades, an increasing number of observational studies have indicated that partial nephrectomy (PN) was associated with elevated overall survival (OS) as well as better preservation of renal function, without compromising oncologic outcome, when compared with radical nephrectomy (RN) in treatment of renal cell carcinoma (RCC) [1] [2] [3] [4] . PN has thus been accepted and applied by more and more urologists as a gold standard treatment for localized renal tumors.
The effect of warm ischemia time (WIT) on postoperative renal function remains controversial. Patil et al. indicated that ischemia was the most important and only surgically modifiable risk factor influencing the postoperative renal function after PN [5] . Similarly, Thompson et al. validated long WIT (>25 min) as a risk factor for long-term renal function after PN [6] . Yet Lane et al. considered baseline renal function and percentage of kidney preserved, rather than WIT, as key determinants of short and long-term renal function after PN [7] .
To provide further evidence for this controversial topic, records of 75 solitary kidney patients were retrospectively studied, and the effect of warm ischemia time, preoperative renal function and resected normal parenchyma volume on long-term renal function were evaluated in this study.
Patients and methods
The study was approved by the ethics committee of the Clinical center of the University Heidelberg. All patients signed an informed consent to participate in this cohort study. The clinical data of 75 solitary kidney patients undergoing 83 procedures of partial nephrectomy (6 patients with 2 PNs and 1 patient underwent 3 times PN because of cancer recurrence) at the Department of Urology, Clinical center of University Heidelberg from 08/1984 to 07/2011 were retrospectively studied. All patients with a solitary kidney who underwent partial nephrectomy were included, while the following patients were excluded to eliminate any bias: (1) patients with cold ischemia from PN approach; (2) patients with solitary kidney who underwent laparoscopic PN or robot-assisted laparoscopic PN; (3) patients with RCC over T2 stage; (4) patients with a follow-up time of postoperative renal function less than one year. Patients with multiple PNs were analyzed only once after the last surgery. The clinical features and grouping of included patients are detailed in Table 1 .
In this study, we used the CKD-EPI (chronic kidney disease epidemiology collaboration) equation to calculating glomerular filtration rate (GFR), including four variables: serum creatinine, age, race, and gender (http://www.qxmd.com/renal/Calculate-CKD-EPI-GFR. php). In middle-aged and elderly population, the CKD-EPI equation is superior to the modification of diet in renal disease formula, especially when actual GFR is greater than 60 mL/min per 1.73 m 2 [8] . Measurement of the resected volume of normal kidney was used to indicate the residual kidney volume, as measurements of the preserved kidney volume were inaccurate. The formula of ellipsoid volume V = 4/3 ∏abc (a, b and c are the largest radius of ellipsoid) was employed to calculate the volume of tumor and the resected mass, as the kidney tumor and resect mass were ellipsoid-shaped. Therefore, the volume of resected normal kidney is determined by subtracting the volume of the total resected mass with the volume of the tumor (V normal = V resected -V tumor ). All data were collected from the postoperative pathology report.
Two independent parameters for evaluation of postoperative renal function were implemented :the value of postoperative estimated glomerular filtration rate (eGFR) and the rate of post-vs. pre-operative renal function. The value of postoperative eGFR intuitively reflects the lever of renal function, which inevitably is influenced by preoperative renal function. The difference between post-and pre-eGFRs demonstrate the renal function change after PN and adequately exposes the risk factors of recovery capacity of postoperative renal function.
In All statistical tests were 2-tailed, with p < 0.05 being considered significant. Correlations between the outcomes and variables were expressed as HR with 95% CIs. All statistical analyses were performed using the Statistical Package for Social Sciences version 13.0 (SPSS, Chicago).
Informed consent:
Informed consent has been obtained from all individuals included in this study.
Ethical approval:
The research related to human use has been complied with all the relevant national regulations, institutional policies and in accordance the tenets of the Helsinki Declaration, and has been approved by the authors' institutional review board or equivalent committee.
Results
A total of 75 solitary kidney patients, who underwent 83 PN surgeries, were enrolled in this cohort study. The clinical features of these patients are summarized in Table 1 . Among them, 6 patients underwent two PN and 1 patient underwent 3 PN due to the recurrence of cancer. The median age at surgery was 62.58 yrs. Preoperative GFR, with a mean value of 57.41 ml/min per 1.73 m 2 , was classified into 3 groups according to the chronic kidney disease staging criteria. The WIT were classified into 4 groups: 0; 0 < WIT < 20; 20 ≤ WIT < 30; WIT ≥ 30, with a mean value of 18.04 min. The postoperative complication with highest impact was perioperative acute renal failure (ARF, eGFR < 15 mL/min per 1.73m
2 ). The incidence of postoperative ARF complication were 20.48% (17 cases), and these patients all recovered after conservative 2 ) were observed after operation, with 6, 4, 2, and 3 cases occurring at 12, 36, 60, 120 months, respectively.
The scatterplot of postoperative eGFR and average renal function is shown in Figure 1 . The postoperative renal function level dropped rapidly at first, reaching the lowest point about 1 month after surgery, and then rose gradually to the peak at around 6 months. The curve became stable 12 months after operation, following a slow decline. In addition, the scatterplot of postoperative eGFR and linear regression is shown in Figure 2 . The predictive equation for postoperative renal function is: eGFR = 48.28 The average postoperative renal functions were 48.9, 48.8, 52.8 and 52.2 mL/min per 1.73 m 2 at 12, 36, 60 and 120 months after surgery, respectively. Univariate and multivariate analysis were performed to identify factors associated with the long-term (> = 1 year) renal function (eGFR), and the results are detailed in Table 2 . Compared with the preoperative baseline renal function, a significant difference (p = 0.01) was found at 12 months after surgery, while no differences were found at 36 months and 60 months after surgery. In addition, perioperative ARF events had a significant and continual effect on postoperative renal function (p = 0.001, after 12 months; p = 0.03, after 60 months). However, WIT and resected normal renal tissue volume were not significantly associated with longterm renal function. Compared with the preoperative baseline level of renal function, the rate of renal function change were 85.8% (36.6-162.1%), 83.7% (27.0-166.8%), 166.8% (34.8 -148.8%), and 148.8% (17.2 -164.1%) at 12, 36, 60 and 120 months after surgery, respectively. Univariate and multivariate analysis were performed considering the long-term (> = 1 year) renal function change (postoperative eGFR/preoperative eGFR), and the results are presented in Table 3 . We found that WIT (p = 0.049) and the preoperative baseline renal function (p = 0.049) had a slight, but significant, effect on the postoperative renal function change 12 months after surgery, whereas perioperative ARF events were significantly associated with the change of postoperative renal function at 12 months after surgery (p < 0.01). Yet, there was no significant difference between postoperative renal function change and the above three factors (WIT, preoperative baseline renal function and perioperative ARF events) at 36 months and 60 months after surgery. In contrast, resected renal parenchyma volume was significantly associated with postoperative renal function change at time points throughout the follow-up (p = 0.03, after 12 months; p < 0.01, after 36 months; and p < 0.01, after 60 months).
Furthermore, a chi-square test was performed to determine a cutoff of WIT by investigating its relationships with perioperative ARF event, in which WIT was grouped in 5-minutes intervals. As shown in Table 4 , significant differences were observed between the 2 groups when the cutoff was set as 20, 25, 30 and 35 minutes, respectively. For example, the odds of developing ARF was 4.27 (95%CI, 1.24-14.72; p=0.02) for patients treated with >20 min (vs <=20) of warm ischemia. The ratio of patients with ARF overweighed those without ARF between a cutoff WIT of 25 min and 30 min. 
Discussion
The kidney is highly oxygen-depended [9] . During PN, the renal artery is temporarily blocked, a process of anoxia reperfusion, triggering a cascade amplifying kidney injury. Ischemic injury can induce the release of angiotensin II, eicosanoid, and various cytokines, leading to the contraction of small arteries and increased kidney cell anoxia, which then terminates the oxidative phosphorylation process, and cause cell swelling by allowing interstitial liquid to passively spread into cells. Furthermore, after removal of the block, inflammatory factors and radicals perfuse into cells with blood, leading to further damage and necrosis of the renal cells. Therefore, ischemia can lead to renal function disorder associated with renal cell injury, eGFR decline, and urine product change [10] [11] [12] . In PN, the recovery of postoperative renal function and the longest blocked time that the kidney can tolerate have been hot-topic issues in clinical research. Parekh et al. reported a prospective research study on postoperative renal function and pathological changes, which compared warm ischemia (27 cases, with a mean ischemia time of 32.3 min) with cold ischemia (13 cases, with a mean ischemia time of 48.0 min). The postoperative, perioperative blood and urine markers of renal function, as well as kidney pathological changes by biopsy were investigated. The results demonstrated that differential block methods and block time durations were not associated with acute renal function damage, and there were no significant correlations between block time and postoperative renal function. In addition, this study reported surprisingly that the human kidney can tolerate an ischemia time as long as 30 to 60 min [13] . However, all patients in the study had a normal, contralateral kidney. Therefore, the presence of renal functional from the contralateral kidney may be confused. Moreover, the deleterious impact of prolonged ischemia requires time to manifest, and significant histologic changes may not be immediately found after hilar clamping.
Simmons et al. suggested that a decrease of GFR in PN surgery may be influenced by 3 factors: functional volume loss, ischemia related acute kidney injury and mechanical trauma effects [14] . Collateral damage due to renorrhaphy volume loss occurs mainly as a result of resected normal parenchyma adjacent to the tumor margin. Ischemiareperfusion injury is associated with ischemia duration and specific approaches (i.e. super-selected arterial, warm ischemia or cold ischemia). Potential mechanisms of trauma include disruption of osmotic gradients by localized edema, cytokine inhibitory effects and WIT: warm ischemia time; ARF: acute renal failure alteration of regional microvascular blood flow, which can be amplified and induced by ischemia. The recovery mechanism of the kidney is complex and not presently clear. The ischemia and trauma injury are reversed within weeks to months after PN [6, 15] .
In the present study, we found that preoperative CKD stage (preoperative renal function) was significantly associated with renal function (postoperative eGFR) at 12 months after PN (p=0.01), whereas the volume of resected normal parenchyma had no association with long-term postoperative renal function. However, when post-/preoperative eGFR was set as the observed variable, we found that the resected volume of normal parenchyma was significantly associated with renal function change at all time points of follow-up (p=0.03 at 12 months; P<0.01 at 36 and 60 months), whereas preoperative CKD stage was only slightly associated with renal function change at 12 months (P=0.049). These results indicate that the quality of preoperative renal function and quantity of preserved kidney parenchyma are the primary determinants of postoperative long-term renal function. The quantity of kidney influences the recovery ability of renal function in the long-term, and preoperative quality of the kidney influences the level of long-term renal function.
Consistent with the study of Lane et al., we did not found a significant association between WIT and either renal function or renal function change in the longterm follow-up (>1y). Furthermore, we identified the perioperative ARF event as a new risk factor that can influence both renal function (p=0.001 at postoperative 12 months and p=0.03 at postoperative 60 months) and renal function change (p<0.001 at postoperative 12 months). Since prolonged ischemia can result in perioperative or postoperative ARF, we infer that, although WIT has no direct association with recovery capacity and renal function level, it can indirectly affect both by causing perioperative or postoperative ARF events in longterm postoperative time period. Furthermore we used a chi-square test to analyze the association between a perioperative ARF event and WIT, which was grouped every 5 minutes. Significant differences of ARF event incidence were found between the 2 groups when the cutoff was set as 20, 25, 30 and 35 minutes respectively (Table 4) . From this result we suggest that a WIT <20 min should be the goal, with 35 minutes as the upper limit, during PN surgery. The incidence of postoperative ARF complication we found were 20.48% (17 cases), which seems higher than those from other publications. But considering the relatively small sample size of our cohort study, it is consistent with the report from Thompson et al. [16] , where postoperative acute renal failure occurred in 70 patients (19%) after partial nephrectomy out of 362 consecutive patients.
In recent guidelines, "long-term renal function" is not uniformly defined. The duration of long-term renal dysfunction after surgery ranged from 1 to 6 months [7, 16, 17] . As can be observed from the scatterplot of postoperative eGFR and average renal function fitting curve (Figure 1) , the eGFR curve declined to the lowest point at 3 months, slowly reached the peak at 6 months, and slightly declined before becoming stable after 12 months post-surgery. These findings are consistent with the result of Rochelle study [18] . Therefore, we suggest that at least 12 months' analysis of renal function should be required after renal surgery.
The current study had several limitations. Since the data were collected in a retrospective fashion and from a single institution, there were inherent biases. A long time span (from 1981-2013) affects oncological outcomes and renal function recovery because of differential patients selection, surgery techniques and perioperative treatments. Additionally, although disturbance from normal contralateral kidney was avoided because all patients included had a solitary kidney, the imperative indications for PN translated into sophisticated procedures because the selection to use PN was forced by the oncology but not by technical feasibility of surgery as compared to elective indication. Furthermore, in the present study, we use the resected volume of normal parenchyma as an indication of preserved kidney volume. However, the measurement of resected normal parenchyma, which is more accurate and objective than Thompson's method of estimating by the primary surgeon after PN, is still not accurate enough. Therefore, a prospective multicenter clinical trial using Medical Interaction Toolkit (Version 2011; DKFZ, Heidelberg, Germany, http://www.MITK.org/ Diffusion) to measure the preserved volume of kidney is of demand in the future [19] .
Conclusions
In conclusion, a key determinant for long-term recovery of kidney capacity is the quantity of preserved functional parenchyma volume, which results in a slow but continuous recovery course. The quality of preoperative kidney determines the level of postoperative kidney function. Perioperative ARF event, as a third determinant, can influence not only recovery capacity but also renal function level over the long-term after PN surgery. Although WIT had no direct association with recovery capacity and renal function level, it can indirectly affect both recovery capacity and renal function level in the long-term by causing perioperative and postoperative ARF events. The WIT is preferable for less than 20 minutes, with an upper limit for 35 minutes during the PN surgery.
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